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Synopsis Wild animals often engage in intense physical activity while performing tasks vital for their survival and
reproduction associated with foraging, avoiding predators, fighting, providing parental care, and migrating. In this theme
issue we consider how viewing these tasks as “exercise”—analogous to that performed by human athletes—may help
provide insight into the mechanisms underlying individual variation in these types of behaviors and the importance of
physical activity in an ecological context. In this article and throughout this issue, we focus on four key questions
relevant to the study of behavioral ecology that may be addressed by studying wild animal behavior from the perspective
of exercise physiology: (1) How hard do individual animals work in response to ecological (or evolutionary) demands?;
(2) Do lab-based studies of activity provide good models for understanding activity in free-living animals and individual
variation in traits?; (3) Can animals work too hard during “routine” activities?; and (4) Can paradigms of “exercise” and
“training” be applied to free-living animals? Attempts to address these issues are currently being facilitated by rapid
technological developments associated with physiological measurements and the remote tracking of wild animals, to
provide mechanistic insights into the behavior of free-ranging animals at spatial and temporal scales that were previously
impossible. We further suggest that viewing the behaviors of non-human animals in terms of the physical exercise
performed will allow us to fully take advantage of these technological advances, draw from knowledge and conceptual
frameworks already in use by human exercise physiologists, and identify key traits that constrain performance and
generate variation in performance among individuals. It is our hope that, by highlighting mechanisms of behavior
and performance, the articles in this issue will spur on further synergies between physiologists and ecologists, to take
advantage of emerging cross-disciplinary perspectives and technologies.
Introduction
The past decade has seen a steep rise in research
focussing on individual trait variability within animal
species (Williams 2008; Biro and Stamps 2010; Sih
et al. 2015). Although among-individual variation
has been long-recognized as the raw material on
which natural selection operates to shape evolution-
ary trajectories (Darwin 1859; Huntingford 1976),
this surge in interest has examined the role of spe-
cific traits in evolutionary processes (Dingemanse
and Re´ale 2005; van Oers et al. 2005; Wolf and
Weissing 2012), trait covariation (Biro and Stamps
2008; Careau et al. 2008), and the mechanisms that
allow trait variation to persist in wild populations
(Wolf et al. 2007; Dingemanse and Wolf 2010;
Stamps and Groothuis 2010). The majority of this
work has focused on individual variation in behav-
iors, such as the tendency to take risks while foraging
or measures of spontaneous activity, exploratory
behavior, or sociability (Sih et al. 2004; Re´ale et al.
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2007). There have also been important advances in the
quantitative analysis of trait variation and the degree to
which individuals show behavioral plasticity in re-
sponse to varying environmental conditions
(Dingemanse et al. 2009; Dingemanse and
Dochtermann 2013). At the same time, albeit at a
slower rate, a body of research has accumulated on in-
dividual variation in physiological traits, particularly
aspects of endocrine signaling and energetics
(Williams 2008; Koolhaas et al. 2010; Burton et al.
2011; Norin and Malte 2011, 2012). Until very recently,
these two domains of work examining variation in
behavior and physiology have remained largely separ-
ate and so knowledge of the mechanistic basis of behav-
ioral variation has been elusive (Killen et al. 2013).
Over time, however, research has shifted toward
being more holistic with proposed links between ani-
mal personality and metabolic demand, and an accom-
panying focus on quantifying individual variation in
physiological traits (Careau et al. 2008; Careau and
Garland 2012; Killen et al. 2013; Mathot et al. 2015).
It is becoming more appreciated, for instance, that in-
dividual animals within species vary not only in the
amount of activity they display (with associated ener-
getic costs (Montiglio et al. 2010; Murchie et al. 2011))
but also in their physiological capacity for maximum
rates of activity and high-intensity exercise (Chappell
et al. 1999; Norin and Malte 2011; Killen et al. 2012,
2014; Kasumovic and Seebacher 2013; Auer et al. 2015;
Metcalfe et al. 2016). An outstanding question is to
what extent variation in the maximum capacity for
physical activity, often a target of lab-based studies, is
ecologically relevant and affects individual fitness
(Metcalfe et al. 2016). It is also possible that individuals
that are able to increase their performance capacity via
training effects (physiological plasticity) or quickly re-
cover from intense exercise may gain additional fitness
benefits, but these possibilities have been largely unex-
plored, especially in free-living animals (Halsey 2016;
Bidder et al. 2017). It is also notable that even where
studies of behavioral variation have examined mecha-
nisms (Biro and Stamps 2010; Killen et al. 2013), the
focus has mainly been on energetics while the role of
other physiological systems has been mostly over-
looked. For example, the integrated physiological
mechanisms that underlie variation in foraging behav-
ior remain almost completely unknown (Maurer 1996;
Williams 2012). This is surprising given the central role
of the endocrine system in modulating costs associated
with reproductive investment which typically involves
increases in activity.
As is demonstrated repeatedly throughout this
issue, the current integration of physiological and
behavioral research is being facilitated by technological
advances in bio-logging, telemetry, and the tracking
of animal movements in natural environments (Gill
et al. 2005; Egevang et al. 2010; Hawkes et al. 2011;
Klaassen et al. 2011; Brown et al. 2013; Cooke et al.
2013b). These technologies are providing novel per-
spectives and data that allow us to examine the
behavior and physiology of individual animals in a
new light. The emergence and integration of technol-
ogies for collecting data on animal movements,
physiological parameters, and environmental varia-
bles, often developed by researchers working in trad-
itionally disparate fields, should provide
unprecedented breakthroughs in the study of indi-
vidual variation in animal behaviors and the physio-
logical costs associated with differing behavioral and
life-history strategies.
In this theme issue, we examine the mechanistic
underpinnings of individual variation in behavior
and, specifically, how the physiological capacity for
physical activity or “exercise” may directly enhance in-
dividual fitness. Aside from the direct biological impli-
cations of how activity is relevant in ecology, we
also consider whether traditional methodological
approaches and paradigms are appropriate for answer-
ing these questions. Though exercise is traditionally
viewed as a strictly human endeavor (Van Dijk and
Matson 2016), we argue that viewing various behaviors
in non-human animals as analogous to exercise in
humans will help us better understand the mechanisms
underlying individual variation in traits as well as our
methodological ability to measure performance accur-
ately. Throughout this article, we consider movement
and exercise broadly as any behavior that elevates the
level of intensity of activity, in response to an ecological
demand for increased performance. The papers in this
issue span a range of animal taxa (including humans),
types of activity, behavior or performance, ecological
contexts, and include both laboratory- and field-based
studies. Common themes which are addressed include:
(1) individual variation in the level of behavior or per-
formance, in response to challenging ecological scen-
arios; (2) physiological mechanisms underlying this
individual variation; and (3) fitness consequences of
this individual variation. The studies in this issue also
broadly address the following four key questions rele-
vant to the study of individual variation in activity in
ecology.
How hard do animals work in response
to ecological (or evolutionary)
demands?
Some activities of free-living animals are widely con-
sidered to be energetically-demanding “hard work,”
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such as long-distance migration (McWilliams et al.
2004; Farrell et al. 2008b). However, lower intensity
activities associated with routine foraging, escaping
predators (or potential mates), engaging in mating
displays, and the provisioning of parental care also
involve physical effort and can also be extremely
costly (Fig. 1)(Bennett and Houck 1983; Nilsson
2002; Killen et al. 2007; Killen et al. 2016;
Brownescomb et al. 2017; Garland et al. 2017). As
a consequence, classical models in behavioral
ecology—for example, those examining optimal for-
aging theory and risk-sensitive foraging—have
included energetic trade-offs associated with the bal-
ance between foraging success (i.e., energy intake)
and predator avoidance (Pyke 1984; Irschick and
Garland 2001). The concepts underlying these mod-
els have proved versatile for examining the import-
ance of individual variation in physiological “state”
(e.g., variation in nutritional history or metabolic
rate) for ecological phenomena (McLaughlin 1989;
Killen et al. 2007; Farwell and McLaughlin 2009;).
However, evolutionary fitness may be directly linked
with the ability to engage in physical activity at sus-
tained rather than maximum levels, with minimum
physiological cost to tissues and organ systems
(Piersma 2011), instead of the optimization of en-
ergy intake. Individual variation in the ability to
withstand bouts of intense exercise and energy ex-
penditure with direct and indirect fitness costs has
been largely overlooked. It is also possible that
physiological plasticity within the lifetime of individ-
uals may modulate the costs of behaviors (see section
discussing training, below).
As a result, we still have relatively little understand-
ing of the “currency” by which ecological trade-offs are
evaluated from an evolutionary perspective. Do animals
Fig. 1 The potential costs of various behaviors associated with high levels of physical activity, inspired by Piersma (2011) and Peterson
et al. (1990). The dark curve represents the sustainable level of energy throughput to support activity over a given time frame. At
shorter temporal scales, increased energy can be spent on activity without incurring additional physiological costs. Activities that use
amounts of energy above this line will potentially incur additional physiological costs (as indicated at the bottom of the figure) with
potential implications for individual fitness. Individuals may minimise costs by either: (1) reducing the energetic costs of each behavior,
by decreasing the frequency of each behavior or increase the efficiency with which it is performed; (2) adjusting physiological traits to
attenuate the negative effects of operating above a sustainable level for various amounts of time (e.g., through training-induced
plasticity). The width of the arrow associated with each type of behavior approximates the time scale over which each can occur; the
elevation along the y-axis (in combination with the brackets along the y-axis) approximates the energy required for each behavior.
Similarly, the width of the arrow associated with each physiological cost roughly indicates the temporal scale and activity types most
likely to elicit each effect. At the top of the figure, types of human exercise (associated with running, specifically) are indicated that may
be viewed as analogous to the non-human animal behaviors that elicit various intensities of activity at various temporal scales. Note
that human exercise labels do not strictly align with the temporal labels along the x-axes.
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actually prioritize the optimization of energy intake, or
is this consideration modulated by other direct or in-
direct costs of physical activity? In addition to measur-
ing the energy expenditure of individual animals while
performing physical activity associated with parental
care (Nilsson 2002; Cooke et al. 2006), foraging
(Pontzer and Wrangham 2004; Killen et al. 2007;
Williams et al. 2014), dominance contests (Killen
et al. 2014; Seebacher et al. 2013), migration, and court-
ship (Ward et al. 2003; Woods et al. 2007), researchers
now also frequently consider the costs of activities in
terms of the maximal aerobic capacity (i.e., the factorial
or aerobic scope) achievable by an animal and the pro-
portion of this capacity that is occupied by an activity
(Farrell et al. 2008a; Killen et al. 2016). Furthermore,
more subtle differences in the costs of exercise experi-
enced by individuals or species at the biochemical level
may provide additional insight into the determinants of
winners and losers in predator–prey scenarios (e.g., the
proportions of carbohydrate versus lipid versus protein
used as fuel types during physical activity; McClelland
et al. 2017). A predator and its prey may be traveling at
the same absolute speed during a pursuit, for example,
but if one is operating closer to its capacity for aerobic
metabolism then it may rely more heavily on carbohy-
drates for fuel during the chase, as opposed to more
efficient lipid metabolism.
Do lab-based studies of activity provide
good models for understanding activity
in free-living animals?
As discussed by Yap et al. (2017), a major obstacle in
our efforts to understand the costs of physically
demanding behaviors has been a reliance on laboratory
measures of animal activity. Methods using treadmill
running, wind-tunnel flying, and flume swimming are
all largely divorced from ecological context, particu-
larly because all of these scenarios simulate linear dir-
ectional movement, while in reality, animals perform
turns and bouts of acceleration that alter their costs of
movement (Wilson et al. 2013). It is therefore reason-
able to question the extent to which these methods for
quantifying effort and the capacity for exercise are in-
deed appropriate for extrapolating conclusions to wild,
free-ranging animals (Bidder et al. 2017). Even for
humans, there is suggestion that established lab-based
protocols may be insufficient for measuring maximum
levels of oxygen uptake during exercise (Beltrami et al.
2012). Another serious deficiency associated with
forced exercise protocols is whether animal motivation
causes underestimates in the capacity for physical ac-
tivity, if individuals behaviorally “choose” to cease
exercising before they reach their physiological limit.
Indeed, quantification of maximum oxygen uptake in
humans during treadmill tests is believed to be strongly
affected by psychological motivation to continue
increasing activity to the peak levels that are physiolo-
gically possible (Noakes 2011, 2012; Beltrami et al.
2012). Variation in motivation to perform activity dur-
ing a test could lead to spurious estimates of individual
variability in traits related to maximum aerobic cap-
acity or locomotor performance assumed to be attrib-
utable to physiological factors alone. Furthermore,
stress experienced during laboratory estimates of en-
ergy expenditure may increase estimates of energy ex-
penditure attributable to physical activity per se
(Murray et al. 2017). There is also a question of whether
benchmarks evaluated during lab tests such as max-
imum aerobic and anaerobic speeds and gait transition
speeds are indeed ecologically relevant (Plaut 2001;
Wolter and Arlinghaus 2003; Fisher et al. 2005).
The current wave of research quantifying the costs
of ecologically relevant behaviors has been facilitated
by technological advances that allow quantification
of movement and energy expenditure at spatial and
temporal scales that were previously impossible. In
the lab, developments in respirometry equipment
and in particular the widespread availability of opto-
des for measuring dissolved gases has revolutionized
the measurement of metabolic rates and energy ex-
penditure in aquatic animals (Svendsen et al. 2016).
Methods for automated tracking of animals in
behavioral arenas, including multi-agent tracking,
have also allowed researchers to precisely measure
activity levels of animals in laboratory experiments
(Dell et al. 2014; Pe´rez-Escudero et al. 2014). There
are also recent examples of researchers attempting to
design methods for eliciting exercise in experimental
settings, which are more ecologically relevant, such
as requiring animals to exercise to obtain food items
or access desired shelter or structure (Costantini
et al. 2013). Tobalske et al. (2017) describe how
the quantification of wing flapping during descent
can be used as an ecologically relevant metric to
help understand the ontogeny of flight muscle devel-
opment in birds.
Perhaps the most important advances, however,
have been in the realm of biotelemetry and remote
sensing (e.g., geolocators, GPS, accelerometers)
which are giving biologists an unprecedented ability
to track movements and to understand inter-
individual variability in the behaviors of free-living
animals (Cooke et al. 2013a). One particularly excit-
ing possibility here is to take animals into captivity,
manipulate them (e.g., with specific diets), test them
for physiological traits in the laboratory, and then
release them with transmitters to experimentally
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study migration and other forms of activity (Baktoft
et al. 2016). These technological developments are
therefore allowing researchers to directly address
questions of individual variation, mechanisms, and
fitness consequences of variation in movement in
novel ways (Sergio et al. 2014).
Can animals work too hard during
“routine” activities?
For any long-lived animal that is likely to experience
more than one annual cycle, life-history theory pre-
dicts that individuals should rarely work so hard at
any single activity (reproduction, migration) that
they kill themselves, for example, individuals should
invest more in self-maintenance, decreasing invest-
ment in current reproduction, if this allows them
to maintain higher future fecundity and survival
(Stearns 1992; Harshman and Zera 2007).
Nevertheless, high intensity exercise such as migra-
tion, where animals operate at metabolic scopes of
8–15 their basal metabolic rate (BMR) over several
days (Piersma 2011), can be associated with
increased mortality (Newton 2006; Hinch et al.
2012; Klaassen et al. 2014) as well as reduced future
fecundity (Fenkes et al. 2016; Smith and Moore
2003) in birds and fish. Furthermore, even sustained
activity at lower intensity (2–4 BMR) is widely
assumed to be sufficient to incur “costs” in some
situations. For example, “cost of reproduction,” a
key concept in life-history theory, describes the nega-
tive effect of current reproductive effort (e.g., forag-
ing, chick provisioning during parental care) on
future fecundity and survival (Daan et al. 1996;
Williams 2012). In some species, animals direct so
much time and energy to reproduction during the
mating season that they die as a result (Bradley et al.
1980; Hinch et al. 2012), though it can be difficult to
discern whether this mortality is due to changes in
energy allocation, an increase in strenuous activity, a
reduction in foraging to meet maintenance require-
ments, or a combination of these factors. Animals
might also incur more subtle costs of activity, such
as reduced foraging opportunities or decreased
predator avoidance, if they have to recover from
non-lethal costs of intense exercise. However, it
remains largely unknown if free-living animals can
really work “too hard” during a wide range of other
routine activities such as patrolling territories,
searching for mates, escaping predators, etc., and
how important this might be for fitness.
The behavioral and physiological mechanisms
underpinning costs of activity remain poorly under-
stood (Harshman and Zera 2007; Williams 2012),
especially for sustained, lower intensity activity. In
humans, although increased physical activity can in-
crease the endogenous production of reactive oxygen
species and resultant oxidative damage of DNA and
tissues, regular training appears to attenuate these
negative effects, perhaps by increased oxidative
defences or rate of tissue repair (Miyazaki et al.
2001; Powers et al. 2011). Whether non-human ani-
mals display similar responses to physical activity has
not been thoroughly studied, but increased acute
bouts of strenuous activity or prolonged exercise
during migrations could increase oxidative damage
for animals that are relatively inactive during other
periods (Costantini et al. 2007; Monaghan et al.
2009). Given the debate about the universality of
the energetic costs of behaviors associated with an
increase in activity and the effects on life-histories
(Shutler et al. 2006), identifying mechanisms allow-
ing individuals to tolerate negative effects of bouts of
intense activity (i.e., avoiding physiological costs be-
yond energy use) might be as important as identify-
ing mechanisms that mediate costs leading to
decreases in future fitness (Williams and Fowler
2015).
The obvious experimental approach to examine
negative consequences of activity or workload is to
make animals work harder and measure effects on
fitness in terms of current reproduction, future fe-
cundity, or survival. Laboratory studies of captive
animals can achieve this using forced exercise para-
digms, and these studies have reported negative
physiological effects of intense exercise that would
be consistent with “costs” (Yap et al. 2017). In the
field, making animals work hard enough to show
“costs” is much more problematic if individuals ac-
tually make “strategic” behavioral decisions: they
might “choose” not to increase current workload
in response to an experimenter-induced challenge,
to preserve future fitness, or compensate by putting
less effort into another type of behavior. A common
technique is therefore to add weights to animals
(Wright and Cuthill 1989), increasing body mass,
or to reduce the size of locomotor structures, for
example, wing clipping in birds (Rivers et al. 2017)
and tail manipulation in fish (Basolo and Alcaraz
2003). An intriguing natural corollary of this experi-
mental approach involves effects of large ectopara-
sites on swimming performance and fitness in fish
(Binning et al. 2013; Binning et al. 2017).
Numerous studies using these direct, experimental
manipulations of workload have looked for immedi-
ate, short-term effects (e.g., on the current breeding
attempt) but few have comprehensively measured
longer-term effects on future fecundity and survival.
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Furthermore, few experimental studies have insofar
been coupled with detailed analysis of animal behavior
using advanced bio-tracking technology which is now
available. More detailed analysis of activity might
therefore reveal complexities of behavior that help
rationalize the often contradictory results of studies
of “costs.”. As an example, many studies fail to find
that wing-clipped birds reduce parental effort based
on observed nest visit rates. However, measurement
of overall activity (sensu Ward et al. 2014) using an
automated telemetry array suggests that wing-
clipping causes a significant decrease in the component
of total “activity” directed toward self-maintenance
(but not parental care measured as nest visit rate),
and this was related to lower return rate (M. Serota
and T. D. Williams, unpublished data). Thus, advances
in bio-tracking technology will not only help us under-
stand specific behavioral mechanisms related to costs of
specific activities performed by individual animals, or
avoidance of these costs, but will also (hopefully!) in-
corporate analysis of the role of biochemical, physio-
logical, and morphological mechanisms of these costs
associated with movement ecology.
Can paradigms of “exercise” and
“training” be applied to free-living
animals?
Given the potential for routine locomotor costs and
constraints on performance to affect individual fit-
ness, it is worth considering how established frame-
works for studying exercise physiology in humans
may be useful for understanding ecophysiology in
non-human animals (Halsey 2016). In this special
issue, for example, Thompson et al. describe the
physiological traits that limit performance in human
athletes that engage in sprinting, middle-distance,
and marathon running. These forms of athleticism
have intriguing parallels with burst-type locomotion
(as occurs during predator–prey interactions) and
feats of endurance (e.g., migration) in ecology (Fig.
1), and may provide insight into how phenotypic
variation in traits related to oxygen supply, muscular
function, and neuroendocrine systems may directly
determine performance and influence fitness in an
evolutionary context. Interestingly, human perform-
ance during triathlons may provide a framework for
understanding trade-offs experienced by animals
adapted for locomotion in water and on land, or
that are specialized for aquatic or terrestrial life at
different times during their ontogeny (Calsbeek et al.
2017). The types of metabolic fuel (e.g., carbohy-
drates, lipids, and proteins) that are used during
specific types of locomotor activity have also been
extensively studied in humans (Talanian et al.
2007). As discussed by McClelland et al. (2017), vari-
ation in fuel use among species or individuals may
also underlie variation in the costs of physical exer-
tion of animals in different environments. The study
of how psychological motivation constrains peak
physical performance in humans (Noakes 2011,
2012)—as a buffer against complete physiological
exhaustion—may provide insight into the degree to
which motivation limits our ability to accurately
measure maximum performance in non-human ani-
mals in laboratory tests (Thompson et al. 2017; Yap
et al. 2017). Another major gap in our understand-
ing of how exercise is relevant in animal ecology is
the role of recovery after intense physical activity.
Inter-individual variation in the ability to recover
after strenuous exercise has been observed in
humans, but we still know very little about individ-
ual variability in the capacity for recovery in non-
human animals, the relationship between recovery
ability and other physiological and behavioral traits,
and the ecological relevance of recovery after exer-
cise. Presumably, individuals that recover faster after
agonistic interactions, predator–prey interactions, or
migrations would have an advantage because they
could resume regular activities sooner. In juvenile
ambon damselfish, for example, individuals that are
more aggressive and that have a higher aerobic scope
return to normal levels of aerobic metabolism more
quickly after fighting for territory with conspecifics
(Killen et al. 2014).
Employing an exercise paradigm to ecological
questions may also provide new perspectives on the
constraints that animals face and the resources (i.e.,
time and energy) that they invest to overcome such
limitations. For example, it is well known that
humans must perform regular physical activity to
maintain peak physical performance or capacity for
endurance. Given that the consequences of under-
performing are a matter of life and death for free-
living animals—unlike human athletes at the
Olympics, or couch potatoes—do other animals
also need to engage in training to maintain their
performance level or prepare themselves for
demanding activities ((Halsey 2016); Bidder et al.
2017; Hawkes et al. 2017)? Routine levels of activity
may be insufficient to prepare an individual for peak
performance during more critical periods, such as
during migrations or escaping a predator.
Furthermore, if having the cellular machinery for
increased peak performance is costly, then animals
should be able to gain and lose that capacity for
when it is and is not needed. In general, this research
area is understudied, but it has been shown that
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repetition of behaviors in animals can lead to
physiological changes that improve performance.
These training effects relate directly to physiological
plasticity and may directly affect the ability to with-
stand stressors to affect fitness. Bouts of intense ac-
tivity over time may also have long term effects on
behavior (i.e., personality; Sinclair et al. 2014). This
type of plasticity may be very important in an evo-
lutionary context as well, not only generating pheno-
typic variation among individuals, but also allowing
animals to reduce the energy costs of activity by
increasing the efficiency of locomotion or heighten-
ing the ceiling limiting peak levels of performance
(Killen et al. 2016). Training-induced plasticity is
also observed in human athletes, which show
increased economy of movement when compared
to people that are untrained (Jones and Carter
2000; Joyner and Coyle 2008). Amazingly, however,
there is evidence that migratory birds can undertake
incredible feats of endurance with no apparent
change in behavior or training in the lead up to
migration (Portugal et al. 2011; Hawkes et al.
2017). Increased physical activity may also alter the
effectiveness of the immune system in wild animals.
In humans, exercise has been shown to have complex
effects on immune system indices that appear related
to the intensity and duration of the activity per-
formed (i.e., acute exercise versus prolonged train-
ing), though the exact mechanisms underlying
changes in immune function brought on by exercise
are not well-understood, even for humans (Pedersen
et al. 1998; Pedersen and Hoffman-Goetz 2000;
Nieman 2003; Van Dijk and Matson 2016)
Conclusions
We suggest that the study of behavioral ecology and
ecophysiology will be enhanced by embracing the
concepts of “exercise” and “training” as frameworks
for understanding the locomotor constraints faced by
animals in their natural environment. This approach
will encourage the direct quantification of the ener-
getic costs of behaviors related to fitness and allow
us to appreciate how limitations beyond the opti-
mization of energy input may influence individual
variation in behaviors and the resulting evolutionary
trajectories. Furthermore, viewing the behaviors of
non-human animals as exercise will allow ecologists
to take advantage of established knowledge and
approaches (Nieman 2003; Joyner and Coyle 2008;
Noakes 2011), already in use by human exercise
physiologists, for identifying key traits that define
performance and accurately measuring their influ-
ence. By highlighting mechanisms of behavior and
performance throughout this issue, we hope to foster
collaborations whereby physiologists and endocrinol-
ogists can work with ecologists, to fully exploit the
potential of emerging cross-disciplinary perspectives
and technologies for tracking the movements and
physical activity of individual animals in the labora-
tory and in natural or semi-natural environments.
Acknowledgments
We would like to thank all speakers and attendees at the
symposium entitled “The Ecology of Exercise:
Mechanisms Underlying Individual Variation in
Movement Behavior, Activity, and Performance”,
held on January 4–8, 2017, at the SICB Annual
Meeting in New Orleans, USA. We also thank Lewis
Halsey and two anonymous reviewers for their con-
structive feedback on earlier versions of this
manuscript.
Funding
We thank the National Science Foundation, Company
of Biologists, British Ecological Society, Loligo Systems
and SICB’s Divisions of Animal Behaviour,
Comparative Biomechanics, Comparative Physiology
and Biochemistry, Ecology and Evolution, and
Vertebrate Morphology for funding the symposium.
This work was supported by Natural Sciences and
Engineering Council of Canada Discovery and
Accelerator [grant 155395-2012-RGPIN and RGPAS/
429387-2012 to T.D.W.); Natural Environment
Research Council Advanced Fellowship [grant NE/
J019100/1 to S.S.K.] and European Research Council
[starting grant 640004 to S.S.K.]
References
Auer SK, Salin K, Anderson GJ, Metcalfe NB. 2015. Aerobic
scope explains individual variation in feeding capacity. Biol
Lett 11:20150793.
Baktoft H, Jacobsen L, Skov C, Koed A, Jepsen N, Berg S,
Boel M, Aarestrup K, Svendsen JC. 2016. Phenotypic vari-
ation in metabolism and morphology correlating with ani-
mal swimming activity in the wild: relevance for the
OCLTT (oxygen-and capacity-limitation of thermal toler-
ance), allocation and performance models. Conserv Physiol
4 (doi:10.1093/conphys/cov055).
Basolo AL, Alcaraz G. 2003. The turn of the sword: length
increases male swimming costs in swordtails. Proc R Soc
Lond B 270:1631–6.
Beltrami FG, Froyd C, Mauger AR, Metcalfe AJ, Marino F,
Noakes TD. 2012. Conventional testing methods produce
submaximal values of maximum oxygen consumption. Br J
Sports Med 46:23–9.
Bennett AF, Houck LD. 1983. The energetic cost of courtship
and aggression in a plethodontid salamander. Ecology
64:979–83.
Ecology of exercise 191
Downloaded from https://academic.oup.com/icb/article-abstract/57/2/185/3988355/The-Ecology-of-Exercise-Mechanisms-Underlying
by University of Glasgow user
on 13 September 2017
Bidder OR, Goulding C, Toledo A, van Walsum TA, Siebert
U, Halsey LG. 2017. Does the treadmill support valid en-
ergetics estimates of field locomotion? Integr Comp Biol
57:301–9.
Binning SA, Roche DG, Layton C. 2013. Ectoparasites in-
crease swimming costs in a coral reef fish. Biol Lett
9:20120927.
Binning SA, Shaw AK, Roche DG. 2017. Parasites and host
performance: incorporating infection into our understand-
ing of animal movement Running title: Parasites and host
movement. Integr Comp Biol 57:267–80.
Biro PA, Stamps JA. 2008. Are animal personality traits
linked to life-history productivity?. Trends Ecol Evol
23:361–8.
Biro PA, Stamps JA. 2010. Do consistent individual differ-
ences in metabolic rate promote consistent individual dif-
ferences in behavior?. Trends Ecol Evol 25:653–9.
Bradley A, McDonald I, Lee A. 1980. Stress and mortality in a
small marsupial (Antechinus stuartii, Macleay). Gen Comp
Endocrinol 40:188–200.
Brown DD, Kays R, Wikelski M, Wilson R, Klimley AP. 2013.
Observing the unwatchable through acceleration logging of
animal behavior. Anim Biotelem 1:20.
Brownscombe JW, Cooke SJ, Algera DA, Hanson KC, Eliason
EJ, Burnett NJ, Danylchuk AJ, Hinch SG, Farrell AP. 2017.
Ecology of exercise in wild fish: integrating concepts of
individual physiological capacity, behaviour and fitness
through diverse case studies. Integr Comp Biol 57:281–92.
Burton T, Killen SS, Armstrong JD, Metcalfe NB. 2011. What
causes intraspecific variation in resting metabolic rate and
what are its ecological consequences?. Proc R Soc B Biol Sci
278:3465–73.
Calsbeek R, Goedert D. 2017. Performance tradeoffs, onto-
genetic conflict, and multisport athletes: how is an ironman
triathlete like a frog? Integr Comp Biol 57:207–16.
Careau V, Garland T. 2012. Performance, personality, and
energetics: correlation, causation, and mechanism. Physiol
Biochem Zool 85:543–71.
Careau V, Thomas D, Humphries M, Re´ale D. 2008. Energy
metabolism and animal personality. Oikos 117:641–53.
Chappell MA, Bech C, Buttemer WA. 1999. The relation-
ship of central and peripheral organ masses to aerobic
performance variation in house sparrows. J Exp Biol
202:2269–79.
Cooke S, Midwood J, Thiem J, Klimley P, Lucas M, Thorstad
E, Eiler J, Holbrook C, Ebner B. 2013a. Tracking animals in
freshwater with electronic tags: past, present and future.
Anim Biotelem 1:1–19.
Cooke SJ, Midwood JD, Thiem JD, Klimley P, Lucas MC,
Thorstad EB, Eiler J, Holbrook C, Ebner BC. 2013b.
Tracking animals in freshwater with electronic tags: past,
present and future. Anim Biotelem 1.
Cooke SJ, Philipp DP, Wahl DH, Weatherhead PJ. 2006.
Energetics of parental care in six syntopic centrarchid
fishes. Oecologia 148:235–49.
Costantini D, Cardinale M, Carere C. 2007. Oxidative damage
and anti-oxidant capacity in two migratory bird species at
a stop-over site. Comp Biochem Physiol C 144:363–71.
Costantini D, Monaghan P, Metcalfe NB. 2013. Loss of inte-
gration is associated with reduced resistance to oxidative
stress. J Exp Biol 216:2213–20.
Daan S, Deerenberg C, Dijkstra C. 1996. Increased daily work
precipitates natural death in the kestrel. J Anim Ecol
65:539–44.
Darwin C. 1859. On the origin of species by means of natural
selection, or, the preservation of favoured races in the
struggle for life. London: J. Murray.
Dell AI, Bender JA, Branson K, Couzin ID, de Polavieja GG,
Noldus LP, Pe´rez-Escudero A, Perona P, Straw AD,
Wikelski M. 2014. Automated image-based tracking and
its application in ecology. Trends Ecol Evol 29:417–28.
Dingemanse NJ, Dochtermann NA. 2013. Quantifying indi-
vidual variation in behaviour: mixed-effect modelling
approaches. J Anim Ecol 82:39–54.
Dingemanse NJ, Kazem AJN, Re´ale D, Wright J. 2009.
Behavioural reaction norms: animal personality meets in-
dividual plasticity. Trends Ecol Evol 25:81–9.
Dingemanse NJ, Re´ale D. 2005. Natural selection and animal
personality. Behaviour 142:1159–84.
Dingemanse NJ, Wolf M. 2010. Recent models for adaptive
personality differences: a review. Philos Trans R Soc B Biol
Sci 365:3947–58.
Egevang C, Stenhouse IJ, Phillips RA, Petersen A, Fox JW,
Silk JR. 2010. Tracking of Arctic terns Sterna paradisaea
reveals longest animal migration. Proc Natl Acad Sci U S
A 107:2078–81.
Farrell A, Hinch S, Cooke S, Patterson D, Crossin GT,
Lapointe M, Mathes M. 2008a. Pacific salmon in hot water:
applying aerobic scope models and biotelemetry to predict
the success of spawning migrations. Physiol Biochem Zool
81:697–708.
Farrell AP, Hinch SG, Cooke SJ, Patterson DA, Crossin GT,
Lapointe M, Mathes MT. 2008b. Pacific salmon in hot
water: applying aerobic scope models and biotelemetry to
predict the success of spawning migrations. Physiol
Biochem Zool 81:697–709.
Farwell M, McLaughlin RL. 2009. Alternative foraging tactics
and risk taking in brook charr (Salvelinus fontinalis). Behav
Ecol 20:913–21.
Fenkes M, Shiels HA, Fitzpatrick JL, Nudds RL. 2016. The po-
tential impacts of migratory difficulty, including warmer
waters and altered flow conditions, on the reproductive suc-
cess of salmonid fishes. Comp Biochem Physiol A 193:11–21.
Fisher R, Leis JM, Clark DL, Wilson SK. 2005. Critical swim-
ming speeds of late-stage coral reef fish larvae: variation
within species, among species and between locations. Mar
Biol 147:1201–12.
Garland T Jr, Albuquerque RL. 2017. Locomotion, energetics, per-
formance, and behavior: a mammalian perspective on lizards,
and vice versa. Integr Comp Biol 57:252–66.
Gill RE, Piersma T, Hufford G, Servranckx R, Riegen A. 2005.
Crossing the ultimate ecological barrier: evidence for an
11 000-km-long nonstop flight from Alaska to New
Zealand and eastern Australia by bar-tailed godwits. The
Condor107:1–20.
Halsey LG. 2016. Do animals exercise to keep fit? J Anim Ecol
85:614–20.
Harshman LG, Zera AJ. 2007. The cost of reproduction: the
devil in the details. Trends Ecol Evol 22:80–8.
Hawkes LA, Balachandran S, Batbayar N, Butler PJ, Frappell
PB, Milsom WK, Tseveenmyadag N, Newman SH, Scott
GR, Sathiyaselvam P. 2011. The trans-Himalayan flights
192 S. S. Killen et al.
Downloaded from https://academic.oup.com/icb/article-abstract/57/2/185/3988355/The-Ecology-of-Exercise-Mechanisms-Underlying
by University of Glasgow user
on 13 September 2017
of bar-headed geese (Anser indicus). Proc Natl Acad Sci
U S A 108:9516–9.
Hawkes LA, Batbayar N, Butler PJ, Chua B, Frappell PB, Meir
JU, Milsom WK, Natsagdorj T, Parr N, Scott GR, et al.
2017. Do bar-headed geese train for high altitude flights?
Integr Comp Biol 57:247–51.
Hinch S, Cooke S, Farrell A, Miller K, Lapointe M, Patterson
D. 2012. Dead fish swimming: a review of research on the
early migration and high premature mortality in adult
Fraser River sockeye salmon Oncorhynchus nerka. J Fish
Biol 81:576–99.
Huntingford FA. 1976. The relationship between anti-
predator behaviour and aggression among conspecifics in
the three-spined stickleback, Gasterosteus aculeatus. Anim
Behav 24:245–60.
Irschick DJ, Garland T. 2001. Integrating function and ecol-
ogy in studies of adaptation: investigations of locomotor
capacity as a model system. Annu Rev Ecol Syst 32:367–96.
Jones A, Carter H. 2000. The effect of endurance training on
parameters of aerobic fitness. Sports Med 29:373–86.
Joyner MJ, Coyle EF. 2008. Endurance exercise performance:
the physiology of champions. J Physiol 586:35–44.
Kasumovic MM, Seebacher F. 2013. The active metabolic rate
predicts a male spider’s proximity to females and expected
fitness. Biol Lett 9:20121164.
Killen SS, Brown JA, Gamperl AK. 2007. The effect of prey
density on foraging mode selection in juvenile lumpfish:
balancing food intake with the metabolic cost of foraging.
J Anim Ecol 76:814–25.
Killen SS, Croft DP, Salin K, Darden SK. 2016. Male sexually
coercive behaviour drives increased swimming efficiency in
female guppies. Funct Ecol 30:576–83.
Killen SS, Marras S, Metcalfe NB, McKenzie DJ, Domenici P.
2013. Environmental stressors alter relationships between
physiology and behaviour. Trends Ecol Evol 28:651–8.
Killen SS, Marras S, Steffensen JF, McKenzie DJ. 2012.
Aerobic capacity influences the spatial position of individ-
uals within fish schools. Proc R Soc B Biol Sci 279:357–64.
Killen SS, Mitchell MD, Rummer JL, Chivers DP, Ferrari
MCO, Meekan MG, McCormick MI. 2014. Aerobic scope
predicts dominance during early life in a tropical damsel-
fish. Funct Ecol 28:1367–76.
Klaassen RH, Alerstam T, Carlsson P, Fox JW, Lindstro¨m A˚.
2011. Great flights by great snipes: long and fast non-stop
migration over benign habitats. Biol Lett 7:833–5.
Klaassen RHG, Hake M, Strandberg R, Koks BJ, Trierweiler
C, Exo K-M, Bairlein F, Alerstam T. 2014. When and where
does mortality occur in migratory birds? Direct evidence
from long-term satellite tracking of raptors. J Anim Ecol
83:176–84.
Koolhaas J, De Boer S, Coppens C, Buwalda B. 2010.
Neuroendocrinology of coping styles: towards understanding
the biology of individual variation. Front Neuroendocrinol
31:307–21.
Mathot KJ, Nicolaus M, Araya-Ajoy YG, Dingemanse NJ,
Kempenaers B. 2015. Does metabolic rate predict risk-tak-
ing behaviour? A field experiment in a wild passerine bird.
Funct Ecol 29:239–49.
Maurer BA. 1996. Energetics of avian foraging. In: Carey C,
editor. Avian energetics and nutritional ecology. New York
(NY): Chapman and Hall. p. 250–79.
McClelland GB, Lyons SA, Robertson CE. 2017. Fuel use in
mammals: conserved patterns and evolved strategies for
aerobic locomotion and thermogenesis. Integr Comp Biol
57:231–9.
McLaughlin RL. 1989. Search modes of birds and lizards:
evidence for alternative movement patterns. Am Nat
133:654–70.
McWilliams SR, Guglielmo C, Pierce B, Klaassen M. 2004.
Flying, fasting, and feeding in birds during migration: a
nutritional and physiological ecology perspective. J Avian
Biol 35:377–93.
Metcalfe NB, Van Leeuwen TE, Killen SS. 2016. Does indi-
vidual variation in metabolic phenotype predict fish behav-
iour and performance?. J Fish Biol 88:298–321.
Miyazaki H, Oh-ishi S, Ookawara T, Kizaki T, Toshinai K,
Ha S, Haga S, Ji LL, Ohno H. 2001. Strenuous endurance
training in humans reduces oxidative stress following
exhausting exercise. Eur J Appl Physiol 84:1–6.
Monaghan P, Metcalfe NB, Torres R. 2009. Oxidative stress as
a mediator of life history trade-offs: mechanisms, measure-
ments and interpretation. Ecol Lett 12:75–92.
Montiglio P-O, Garant D, Thomas D, Re´ale D. 2010.
Individual variation in temporal activity patterns in
open-field tests. Anim Behav 80:905–12.
Murchie KJ, Cooke SJ, Danylchuk AJ, Suski CD. 2011.
Estimates of field activity and metabolic rates of bonefish
(Albula vulpes) in coastal marine habitats using acoustic
tri-axial accelerometer transmitters and intermittent-flow
respirometry. J Exp Mar Biol Ecol 396:147–55.
Murray L, Rennie M, Svendsen JC, Enders EC. 2017.
Respirometry increases cortisol levels in rainbow trout
Oncorhynchus mykiss: implications for measurements of
metabolic rate. J Fish Biol 90:2206–13.
Newton I. 2006. Can conditions experienced during migra-
tion limit the population levels of birds?. J Ornithol
147:146–66.
Nieman DC. 2003. Current perspective on exercise immun-
ology. Curr Sports Med Rep 2:239–42.
Nilsson JA˚. 2002. Metabolic consequences of hard work. Proc
R Soc Lond B Biol Sci 269:1735–9.
Noakes TD. 2011. Time to move beyond a brainless exercise
physiology: the evidence for complex regulation of human
exercise performance. Appl Physiol Nutr Metab 36:23–35.
Noakes TDO. 2012. Fatigue is a brain-derived emotion that
regulates the exercise behavior to ensure the protection of
whole body homeostasis. Front Physiol 3:82.
Norin T, Malte H. 2011. Repeatability of standard metabolic
rate, active metabolic rate and aerobic scope in young
brown trout during a period of moderate food availability.
J Exp Biol 214:1668–75.
Norin T, Malte H. 2012. Intraspecific variation in aerobic
metabolic rate of fish: relations with organ size and enzyme
activity in brown trout. Physiol Biochem Zool 85:645–56.
Pedersen BK, Hoffman-Goetz L. 2000. Exercise and the im-
mune system: regulation, integration, and adaptation.
Physiol Rev 80:1055–81.
Pedersen BK, Rohde T, Ostrowski K. 1998. Recovery of the
immune system after exercise. Acta Physiol Scand
162:325–32.
Pe´rez-Escudero A, Vicente-Page J, Hinz RC, Arganda S, de
Polavieja GG. 2014. idTracker: tracking individuals in a
Ecology of exercise 193
Downloaded from https://academic.oup.com/icb/article-abstract/57/2/185/3988355/The-Ecology-of-Exercise-Mechanisms-Underlying
by University of Glasgow user
on 13 September 2017
group by automatic identification of unmarked animals.
Nat Methods 11:743–8.
Peterson CC, Nagy KA, Diamond JM. 1990. Sustained meta-
bolic scope. Proc Natl Acad Sci U S A 87:2324–8.
Piersma T. 2011. Why marathon migrants get away with high
metabolic ceilings: towards an ecology of physiological re-
straint. J Exp Biol 214:295–302.
Plaut I. 2001. Critical swimming speed: its ecological rele-
vance. Comp Biochem Physiol A 131:41–50.
Pontzer H, Wrangham RW. 2004. Climbing and the daily en-
ergy cost of locomotion in wild chimpanzees: implications
for hominoid locomotor evolution. J Hum Evol 46:315–33.
Portugal SJ, Green JA, White CR, Guillemette M, Butler PJ.
2011. Wild geese do not increase flight behaviour prior to
migration. Biol Lett (doi:10.1098/rsbl.2011.0975).
Powers SK, Nelson WB, Hudson MB. 2011. Exercise-induced
oxidative stress in humans: cause and consequences. Free
Rad Biol Med 51:942–50.
Pyke GH. 1984. Optimal foraging theory: a critical review.
Annu Rev Ecol Syst 15:523–75.
Re´ale D, Reader SM, Sol D, McDougall PT, Dingemanse NJ.
2007. Integrating animal temperament within ecology and
evolution. Biol Rev 82:291–318.
Rivers JW, Newberry GN, Schwarz CJ, Ardia DR. 2017. Success
despite the stress: violet-green swallows increase glucocorti-
coids and maintain reproductive output despite experimen-
tal increases in flight costs. Funct Ecol 31:235–44.
Seebacher F, Ward AJW, Wilson RS. 2013. Increased aggres-
sion during pregnancy comes at a higher metabolic cost. J
Exp Biol 216:771–6.
Sergio F, Tanferna A, De Stephanis R, Lopez-Jime´nez L, Blas
J, Tavecchia G, Preatoni D, Hiraldo F. 2014. Individual
improvements and selective mortality shape lifelong migra-
tory performance. Nature 515:410–3.
Shutler D, Clark RG, Fehr C, Diamond AW. 2006. Time and
recruitment costs as currencies in manipulation studies on
the costs of reproduction. Ecology 87:2938–46.
Sih A, Bell A, Johnson JC. 2004. Behavioral syndromes: an eco-
logical and evolutionary overview. Trend Ecol Evol 19:372–8.
Sih A, Mathot KJ, Moiron M, Montiglio P-O, Wolf M,
Dingemanse NJ. 2015. Animal personality and state–
behaviour feedbacks: a review and guide for empiricists.
Trends Ecol Evol 30:50–60.
Sinclair ELE, de Souza CRN, Ward AJW, Seebacher F. 2014.
Exercise changes behaviour. Funct Ecol 28:652–9.
Smith RJ, Moore FR. 2003. Arrival fat and reproductive per-
formance in a long-distance passerine migrant. Oecologia
134:325–31.
Stamps J, Groothuis TG. 2010. The development of animal
personality: relevance, concepts and perspectives. Biol Rev
85:301–25.
Stearns SC. 1992. The evolution of life-histories. Oxford:
Oxford University Press.
Svendsen MBS, Bushnell PG, Steffensen JF. 2016. Design and
setup of intermittent-flow respirometry system for aquatic
organisms. J Fish Biol 88:26–50.
Talanian JL, Galloway SD, Heigenhauser GJ, Bonen A, Spriet
LL. 2007. Two weeks of high-intensity aerobic interval
training increases the capacity for fat oxidation during ex-
ercise in women. J Appl Physiol 102:1439–47.
Tobalske BW, Jackson BE, Dial KP. 2017. Ontogeny of Flight
Capacity and Pectoralis Function in a precocial ground
bird (Alectoris chukar). Integr Comp Biol 57:217–30.
Thompson MA. 2017. Physiological and biomechanical mech-
anisms of distance specific human running performance.
Integr Comp Biol 57:293–300.
Van Dijk JG, Matson KD. 2016. Ecological immunology
through the lens of exercise immunology: new perspective
on the links between physical activity and immune func-
tion and disease susceptibility in wild animals. Integr
Comp Biol 56:290–303.
van Oers K, de Jong G, van Noordwijk AJ, Kempenaers B,
Drent PJ. 2005. Contribution of genetics to the study of
animal personalities: a review of case studies. Behaviour
142:1185–206.
Ward MP, Alessi M, Benson TJ, Chiavacci SJ. 2014. The ac-
tive nightlife of diurnal birds: extraterritorial forays and
nocturnal activity patterns. Anim Behav 88:175–84.
Ward S, Speakman JR, Slater PJ. 2003. The energy cost of song
in the canary, Serinus canaria. Anim Behav 66:893–902.
Williams TD. 2008. Individual variation in endocrine systems:
moving beyond the ‘tyranny of the Golden Mean’. Philos
Trans R Soc B Biol Sci 363:1687–98.
Williams TD. 2012. Physiological adaptations for breeding in
birds. Princeton: Princeton University Press.
Williams TD, Fowler MA. 2015. Individual variation in work-
load during parental care: can we detect a physiological
signature of quality or cost of reproduction?. J Ornithol
156:S441–51.
Williams TM, Wolfe L, Davis T, Kendall T, Richter B, Wang
Y, Bryce C, Elkaim GH, Wilmers CC. 2014. Instantaneous
energetics of puma kills reveal advantage of felid sneak
attacks. Science 346:81–5.
Wilson R, Griffiths I, Legg P, Friswell M, Bidder O, Halsey L,
Lambertucci S, Shepard E. 2013. Turn costs change the
value of animal search paths. Ecol Lett 16:1145–50.
Wolf M, van Doorn GS, Leimar O, Weissing FJ. 2007. Life-
history trade-offs favour the evolution of animal person-
alities. Nature 447:581–4.
Wolf M, Weissing FJ. 2012. Animal personalities: consequen-
ces for ecology and evolution. Trends Ecol Evol 27:452–61.
Wolter C, Arlinghaus R. 2003. Navigation impacts on fresh-
water fish assemblages: the ecological relevance of swim-
ming performance. Rev Fish Biol Fisher 13:63–89.
Woods, WA, Jr, Hendrickson H, Mason J, Lewis SM. 2007.
Energy and predation costs of firefly courtship signals. Am
Nat 170:702–8.
Wright J, Cuthill I. 1989. Manipulation of sex differences in
parental care. Behav Ecol Sociobiol 25:171–81.
Yap KN, Serota MW, Williams TD. 2017. The physiology of
exercise in free-living vertebrates: what can we learn from
current model systems? Integr Comp Biol 57:195–206.
194 S. S. Killen et al.
Downloaded from https://academic.oup.com/icb/article-abstract/57/2/185/3988355/The-Ecology-of-Exercise-Mechanisms-Underlying
by University of Glasgow user
on 13 September 2017
